Light harvesting from nanocomposites consisting of silicon (Si) nanotips and PbS quantum dots (QDs) has been investigated. We show that Si nanotips provide direct carrier transport paths, additional interfacial area and light trapping. We observe that there is a dramatic enhancement in short-circuit current (from 9.34 to 14.17 mA cm −2 ) with nanotips structure than that of the bulk Si wafer. In addition, with an additional electron blocking layer, the photovoltaic performance can be further increased. The nanocomposites consisting of QDs and Si nanotips therefore open a promising route for efficient light harvesting from visible to infrared with improved power conversion efficiency.
Introduction
Currently, quantum dots (QDs) embedded in solar cells have attracted considerable attention for the realization of low-cost and large area production [1, 2] . In particular, in contrast to other solution processable photovoltaic (PV) materials, such as poly(3-hexylthiophene) (P3HT), lead sulfide (PbS) NPs exhibit an extended IR harvesting [3] [4] [5] [6] , where a large part of total solar energy resides (∼50%). In addition, an enhanced photovoltaic effect in PbS NPs has been reported by the generation of multiple excitons upon absorption of high energy photons [7, 8] . Even PbS or PbSe Schottkytype solar cells have a promising power conversion efficiency [9, 10] , the limitations for their further development have been attributed to the following issues: (1) small open circuit voltage (V oc ) due to the Fermi level pinning across the junction [9] . (2) Efficiency degradation in air within minutes caused by shallow-work-function metallic electrodes [11] . (3) Insufficient depletion width for the complete absorption of total solar energy [12] . (4) A large number of recombination centres at interfaces [13] . Therefore, many approaches focus on p-n type bilayer heterojunctions which are believed to be able to overcome the above-mentioned issues [14] [15] [16] . For example, PbS/C60 and PbS/a-Si have been experimentally demonstrated such that excitons generated close to the interface can be dissociated away via the band alignment [14] [15] [16] . Unfortunately, the photocurrent is entirely contributed by light absorption of PbS in these bilayer systems. The reason is that, in order to keep transport losses low, a-Si or C60 layer is quite thin (10-50 nm) and only acts as a buffer layer [14] [15] [16] . Thus, for wavelengths (λ) longer than 500 nm, the external quantum efficiency (EQE) drops dramatically with increasing wavelength and almost mimics the spectral shape of PbS absorption [16] . In addition, it is known that poor transport properties were still a major impediment for the realization of the practical application of QDs-based devices. A typical strategy is to combine one-dimensional (1D) ZnO or TiO 2 nanostructure with PbS QDs together to provide larger contact area [17] [18] [19] . Among all semiconductor materials used for solar cells, silicon (Si) is the second most abundant element in the earth's crust. In addition, single-crystalline Si is the basis for most modern integrated circuits. Due to easy fabrication for large area nanostructure, many applications of Si-based devices have been reported, including light emitting diodes [20] , photovoltaic cells and photodiodes [21] [22] [23] [24] . However, one major shortcoming of Si is its low absorption coefficient (due to its indirect bandgap), which means that thick bulk thickness is necessary for light harvesting. The materials can absorb light efficiently and be processed at room temperatures allowing them to be integrated with pre-existing integrated circuits. For example, polymer/Si heterojunctions have been widely studied over the years [21, [25] [26] [27] [28] [29] . However, there are few reports on hybrid approaches involving semiconductor QDs/Si nanocomposites for solar cells.
In this work, we explore efficient carrier transport path and broad band light harvesting hybrid system by the nanocomposites consisting of Si nanotips and PbS QDs. Meanwhile, we will also report that the insertion of a copper phthalocyanine (CuPc) cathode buffer layer between PbS QDs and front electrode can further improve the power conversion efficiency and open-circuit voltage (V oc ).
Experimental details
The PbS QDs were prepared by the wet solution phase chemical synthesis with some modifications. In brief, 223 mg of PbO and 10 ml of oleic acid were mixed and then were allowed to react under N 2 gas at 150
• C for 60 min to form the Pb-oleic acid complex. Afterwards, 2.5 ml 1-octadecene solution of bis(trimethylsilylmethyl) sulfide (96 mg) was quickly injected into the solution. The resulting solution was heated to 220
• C and kept for 60 min. Two washing steps are included to remove un-reacted materials and solvents. After the solution was cooled to room temperature, a large amount of methanol was added to precipitate PbS QDs followed by centrifugation. The solid product was dispersed very well in chlorobenzene. A transmission electron microscopy (TEM) image of PbS QDs in figure 1(a) shows that the NPs were uniform and well dispersed on the TEM grid with an average diameter of ∼12 nm. The x-ray diffraction (XRD) pattern of PbS QDs is also shown in figure 1(b (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) planes of PbS, respectively, which match well with the standard diffraction data of PbS rock-salt structure (JCPDS No 01-0880).
Wafer-scale Si nanotips were synthesized on n-type silicon (1 0 0) wafers by reactive ion etching (RIE) with selfassembled silver (Ag) as mask. The detailed fabrication process of Si nanotips was reported in our previous work [24] . The surfaces of wafers were first cleaned to eliminate any metal impurities and organic matter. Initially, a 10 nm silver (Ag) layer was deposited on substrates by sputtering. Thermal annealing in furnace for 10 min at 550
• C yield Ag self-assembled NPs. These were used as a mask for RIE to fabricate Si nanotips. The parameters used in this step were a flow of 100 sccm of CF 4 , RF power of 100 W and etching time of 30 min. Ag particles at the tips were removed by nitric acid. To form ohmic contacts to the backside of silicon (Si) wafer, 300 nm thick Al electrodes were applied by thermal evaporation and thereafter were annealed at 500
• C for 10 min. A colloidal layer of 50-80 nm was formed by dipping the nanotips in 20 mg mL −1 PbS QDs colloidal solution followed by spin coating at 800 rpm for 30 s. Chlorobenzene is allowed to dry to form a continuous film of closely packed NPs. 1,2-ethanedithiol (EDT) was used as the cross-linker to exchange the oleic acid molecules on the surface of QDs. The film was soaked into an EDT solution for cross-linking. By repeating this procedure, the space between Si nanotips can be filled completely. Finally, semi-transparent Ag electrodes (15-20 nm) were deposited by thermal evaporation to complete the device structure. Due to the compromise between transparency and conductance, the thickness of the Ag layer must be optimized. If the Ag layer is too thin (<10 nm), it cannot form a continuous film, which may affect the carrier collection. Thus, similar to previous reports [26, 30] , a thickness of about 15-20 nm was usually used for semi-transparent metal in order to optimize the optical and electrical properties. The illumination of the active region can be estimated from the area (0.3 × 0.3 cm 2 ) of the semi-transparent Ag electrodes. The morphology of the Si nanotips was examined by scanning electron microscope (SEM) before and after PbS QDs spin coating in figures 2(a) and (b), respectively. In figure 2(c) , the comparison of the reflectance spectra between Si nanotips and bare Si wafers is shown. Obviously, the figure reveals that the Si nanotips give a lower average reflection throughout the whole spectrum. We can see that the reflectance of Si nanotips is only about 3-6% in the visible region. A schematic of our structure configuration is shown in figure 3(a) . Energetically favourable charge transportation and band alignment for our device is also shown in figure 3(b) . It is worth noting that, counter to previous works [9-11, 14-16, 19] , Ag was employed as top-electrodes to form the PbS/Ag interface rather than the PbS/Al interface. Ag with a work function of 4.8 eV gives rise to a greater junction potential than Al (4.3 eV). The corresponding field improves carrier collection. Additionally, Ag is less reactive than Al and therefore creates a more stable contact with PbS QDs [11] . Figure 4 plots the current density-voltage (J -V ) characteristics of PbS/Si nanotips hybrid device measured under simulated AM1.5 illumination (100 mW cm −2 ) and the optimal planar counterpart (polished sided Si wafer without any texture) is also presented. The fabricated device with PbS QDs and Si nanotips shows a better performance of short-circuit current density, J sc = 14.17 mA cm −2 , and power conversion efficiency, η = 1.75%, respectively, than the planar cell without nanotips (J sc = 9.34 mA cm −2 and η = 0.86%). It is evident that there is much higher V oc and J sc for PbS QDs embedded in Si nanotips than that of the planar Si wafers, owing to the high surface area per unit projected area. To examine the underlying mechanisms for the enhanced performance, we first consider the band alignment between PbS and Si. As shown in figure 3(b) , the p-type PbS film and n-type Si nanotips form a p-n junction, which possesses a type II band alignment. It is beneficial for the spatial separation of photogenerated electrons and holes. The photogenerated electrons can be easily injected into Si nanotips from the conduction band of PbS QDs, and then transport via the direct pathway to the back contact. Since the electrical properties of the Si nanotips are directly inherited from the single-crystalline n-Si substrate, there is no need of further n doping for Si nanotips, which can act as a native electron transport pathway after dissociation of excitons. The improvement in conversion efficiency of the Si nanotips structure is also supported by the EQE measurement and PbS absorption spectrum, as shown in figure 5 . Compared with the planar cases, the EQE of Si nanotips solar cell exhibits an enhanced photoresponse at all wavelengths and the two curves match each other well except for the intensity difference. The absorption spectrum of PbS (measured in solid film) displayed the first QD exciton peak (∼1040 nm) which matches the EQE peak (∼1040 nm) well. It is easily understood that more enhancement in the J sc of the silicon nanotips solar cell compared with the polished one is due to the good antireflection property of nanotips. Interestingly, a PbS exciton peak is more pronounced in Si nanotips' case. It was known that carrier diffusion length in the PbS film is about 100 nm [19, 31] . In the planar case, due to the compromise between absorption and transport, the PbS layer with a thickness of 100 nm is not sufficient for the complete absorption of all incident solar spectrum (optimum thickness is >230 nm) [12] , especially for longer wavelength (resulting in a relatively weaker exciton peak). In addition, the trend of EQE is quite different from classical Si p-n solar cells and the pristine PbS one. For example, comparing with Si p-n solar cell (EQE peaked at 600-800 nm) [24] , the trend of EQE increase with decreasing λ and exciton peak (∼1040 nm) is very pronounced contributed by PbS QDs. It should be noted that, since Si is a poor absorber due to the nature of its indirect bandgap, light absorption resulting from PbS QDs is especially important at long wavelengths (close to the bandgap) in solar cells. Unlike previous reports [14, 16, 19] , the shape of EQE does not coincide with pristine PbS absorption spectrum in the spectral range from 500 to 800 nm, due to the contribution of silicon [23] . Differently from other nanocomposites with a wide bandgap materials, such as ZnO (3.3 eV), Si nanotips not only exhibit an excellent antireflection from visible to near IR, but also they can absorb light, which cannot be entirely absorbed by PbS. Noticeably, compared with polymer/Si hybrid system, the PbS/Si heterojunctions also exhibit more efficient light harvesting from visible to IR region. For example, P3HT (only absorbing visible light from 400 nm to 650 nm) cannot cover the IR range, where the absorption of Si is relatively weak.
Results and discussion
Given all the advantages discussed above, there still exists one drawback in our device. In this hybrid system of PbS and Si nanotips, various shunt pathways exist between PbS and Ag electrodes. Photogenerated electron-hole pairs can dissociate at the PbS/Ag interface and produce a shunt current opposing the photocurrent. In order to overcome this difficulty, a 5-8 nm thick CuPc layer was thermally evaporated to serve as an electron-blocking layer as well as a hole transport layer. CuPc, commonly used in organic light-emitting diode (OLED) [32] , is a p-type material with superior hole transport properties, and its lowest occupied molecular orbital (LOMO) level is 1.0 eV higher than that of PbS QDs [32] . As shown in figure 6(a) , inserting a CuPc layer provides an appropriate band alignment with PbS such that hole injection from PbS QDs to the Ag electrode is allowed while electrons would be forced to diffuse towards the p-n junction. Thus, a stacked PbS/CuPc/Ag layer forms a stepwise energy level configuration, which enhances the transportation of holes and contributes to higher J sc , as shown in figure 6(b) . In addition, another problem in QDs/1D or polymer/1D nanocomposites is that nanotips may possibly be too close to the electrode/active layer interface. This may cause a large current leakage and degrade the performance [28] . The CuPc layer therefore can also offer an efficient barrier to reduce the dark current, as shown in the inset of figure 6(b). As we can see in figure 6 (b), after depositing the CuPc layer, the V oc can be enhanced from 0.328 to 0.362 V. The result of higher V oc and larger shunt resistance reflects the relatively low surface recombination velocity of the junction. Let us recall the fact that there is a strong relation between V oc and shunt resistance. The value of V oc increases with increasing shunt resistance [13] . The finite value of shunt resistance indicates the presence of leakage pathway and/or recombination of electron-hole pairs within the device. A solar cell with a lower surface recombination velocity can build up a larger quantity of separated charges and thus would yield a higher V oc . The cell efficiency could be increased from 1.75% to 2.1% by accomplishing the hole collection with inserting a CuPc buffer layer between the cathode/PbS interface. 
Conclusion
In conclusion, we have demonstrated that, by replacing planar Si with Si nanotips in PbS QDs/Si composite solar cells, the nature of direct conducting path, additional interfacial area and light trapping, the photovoltaic performance can be significantly improved. Further improvement in device performance can be achieved by inserting a CuPc layer, which does not only block excitons created in the PbS layer from quenching at the Ag electrode but also permit photogenerated holes to exit the PbS layer. With our demonstration, we therefore believe that the nanocomposites consisting of PbS and Si nanotips provide an excellent alternative for integrating with pre-existing integrated circuits.
